A systematic investigation on the phase formation, magnetic, dielectric and impedance properties of strontium hexaferrites doped with Nd and Nd-Mg was performed. All ferrite samples were prepared by the citrate-precursor method and characterized with a combination of X-ray diffraction, Vibrating sample magnetometer and impedance analyser. XRD analysis confirms the magnetoplumbite structure with space group p63/mmc without any secondary phase. The lattice parameter ratio c/a lies in the range of 3.92 to 3.94 and shows that the prepared material exhibits M-type hexagonal structure. An increase in coercivity and a decrease in magnetization were observed for all the samples. Large value of coercivity suggests that these materials are useful in longitudinal recording media. Further, it was found that the value of magnetocrystalline anisotropy constant K 1 decreases with the substitution of Nd and Nd-Mg. Measurement of dielectric loss and dielectric constant were performed as a function of temperature and frequency. 
Introduction
Since last few decades, the hexaferrite with M-type structure have been the interest of continuous research due to their various remarkable properties [1, 2] . Exhaustive research work on hexaferrites have been instituted for industrial applications such as computer memory chip, high density recording media, transformer, microwave devices, plastic and permanent magnets [3, 4] . Among the hexaferrite, strontium hexaferrite (SrFe 12 O 19 ) is a most versatile and hard magnetic material, which presents unique properties such as magnificent chemical stability, greater microwave magnetic loss, high Curie temperature, high magnetocrystalline anisotropy, high coercivity and saturation magnetization [5, 6] . The structure, magnetic and dielectric properties of strontium hexaferrite plays an important role in making the magnetic, microwave, electronic and microwave devices. However, the properties and physical process of ferrites are dependent on microstructure and chemistry which in turn depend on the preparation technique and conditions employed for fabrication [7, 8] . Strontium hexaferrites have been synthesized by different techniques like hydrothermal process [9] , self-propagating high-temperature synthesis [10] , the microwa-ve-assisted calcination route [11] , and the citrate precursor [12] . It is well established that method of preparation, sintering temperature, chemical concentration and even particle size can modify dielectric and magnetic properties of ferrites. Thus, investigation of such properties at various chemical compositions, temperature and frequencies may provide reliable information about the nature of various physical processes. The dielectric and electrical properties are important for hexaferrites, not only from the fundamental but from the technological point of view. The dielectric and electric properties of substituted hexaferrites are equally valuable as those of magnetic properties from the technological point of view. Many investigators have shown that intrinsic properties like electrical, magnetic and optical could be enhanced by substituting hexaferrite with bi-, tri-or tetra -valent metal ions like Cr -Zr 4+ [14, 15] . Assessment of ac electrical conductivity provides complete information as regard the usefulness of the ferrites for different applications. Further, the analyses of ac conductivity can throw light on the behaviour of charge carriers under an ac field, conduction mechanism and their mobility.
Recent studies have shown that an improvement can be obtained in the magnetic properties of rare-earth (RE) substituted hexaferrite. The improved properties can be associated with the increase the magneto crystalline and coercive field with magnetization.
There are some reports on Nd substitution on the properties of hexaferrites, such as, Zhang et al. [16 ] have reported the effect of Nd-Co substitution on magnetic and microwave absorption properties of SrFe 12 O 19 .Sharma et al. [17] reported the influence of Nd 3+ and Sm 3+ substitution on the magnetic properties of strontium ferrite sintered magnets. Luo J. [18] studied the structure and magnetic properties of Nd doped strontium hexaferrite nanoparticles. Sadiq et al. [19] reported the influence of Nd-Co substitution on structural, electrical and dielectric properties of X-type hexagonal nanoferrites. However, due to low solubility of rare earth, the incorporation of rare earth into hexaferrite lattice leads to the formation of secondary phases which can deteriorate the properties of the prepared material [20, 21] .
Accounting all the previous studies we have tried to elucidate the role of rare earth element in substituted M-type hexaferrite in enhancing various properties. For this reason Nd and Nd-Mg strontium hexaferrite with single concentration (x = 0.05) was prepared in order to understand how the various properties vary with the substitution of rare earth and if an enhancement with respect to the parent compound. 19 nano-particles have been prepared by citrate-precursor method. The following precursors were used: ferric nitrate nona-hydrate, neodymium nitrate hexahydrate, strontium nitrate anhydrous, magnesium nitrate hexa-hydrate, citric acid anhydrous (purity 99.9%, Sigma Aldrich). The synthetic route was the following: Each nitrate, weighed according to the stoichiometry of each composition, and individual dissolution in distilled water was prepared. After one hour of stirring, all the dissolutions of metal salts and citric acid were mixed in a single one at room temperature. Citric acid anhydrous acts as a fuel. The ratio of nitrates and citric acid was taken as 1:1. The pH of the solution was adjusted at 6.5 by using ammonia solution (25%). The obtained solution was heated at 90 o C till a gel solution was obtained. The so obtained gel was heated till combustion, ultimately leaving only loose ashes. These ashes were grinded by a motor pestle arrangement for about 30 min. The whole powder was then heated at 500 o C to remove the organic moiety. Finally the powder was calcinated at 950 °C for 3 h.
Experimental Details
The structural phase of the synthesised samples were determined by D8 Advance Bruker X-ray diffractometer with CuK α (λ = 1.5406 Å) radiation. The measurement was taken at the rate of 2°/min and the step size was 0.0198. Magnetization measurements, major hysteresis loops, were obtained at room temperature using a vibrating sample magnetometer (MicroSense EZ9 VSM) with maximum field strength of 2T. The dielectric measurements and impedance spectroscopy measurements of the prepared samples were made by using an impedance analyzer (precision component analyzer by Wayne Kerr electronics, UK) as a function of frequency of the applied ac field (20 Hz to 3 MHz ) and as a function of temperature. Silver paint was used as a conducting paste and was applied on both sides of the pellets to make them capacitors with the material as dielectric medium. Fig. 1 shows the XRD pattern of the prepared material. The XRD pattern of the prepared material is characterized by diffraction peaks corresponding to SrFe 12 O 19 with the magnetoplumbite structure and space group p63/mmc (PDF No. 41#1373) with no secondary phases. XRD patterns show that gradual decrease in the intensity and an associated broadening of the peaks of the oxides. This indicates a continuous fragmentation of the material by the refinement of its particle size to the nanometre range. Various lattice parameters are listed in Table 1 .From table 1 lattice constant a, c and volume cell agree with the reported literature [22] . A small change in the lattice pa- [23] . The volume cell was calculated by using the following relation [24] .
Results and discussion

Powder X-ray diffraction results
where V cell is the volume of the unit cell and 'a' and 'c' are the lattice constant Fig. 2 shows magnetic hysteresis loops for all the prepared samples at 300 K. The prepared materials show the behavior of a hard magnetic material with high coercivity and magnetization. It is observed that magnetization of all samples do not saturate even by applying fields up to 2T, and is dominated by domain rotation in the high field region. Therefore, the value of saturation magnetization (M s ) and anisotropy constant K 1 , is measured by the Law of Approach to Saturation [25] .
Magnetic measurements
where H is applied, χ p is high-field susceptibility, A is the inhomogeneity parameter and the term A/H is associated with the in-homogeneities in the microcrystals. The term B/H 2 is related with the contribution of magnetocrystalline anisotropy. For hexagonal crystals the magnetocrystalline term is given by:
The magnetocrystalline anisotropy constant (K 1 ) is given by the following relation:
where K 1 and H a are first anisotropy constant and anisotropy field respectively.
A plot of M versus 1/H 2 in the field range 1T < H < 1.6T ( Fig. 2) for each sample gave a straight line, suggesting that the contribution from terms A and χ p are negligible [26, 27] . The saturation magnetization was measured from the intercept of the straight line in conformity with the equation (1). Moreover, the slope of the straight line was used to measure the anisotropy field and the first anisotropy constant in accordance with equations (2) and (3) [29] . The starting of magnetic behaviour in hexaferrite is due to net magnetic moment of ions with up and down spin in various symmetry sites. Firstly, the decrease in saturation magnetization may be assigned to the magnetic dilution due to the substitution of dopants. Secondly, with the substitution of these dopants also weakens the superexchange interaction which may also cause the decrease of the saturation magnetization.
Previous reports [30, 31] have shown that the coercivity depends on magnetocrystalline constant. It is observed that in the present investigation Nd substituted strontium hexaferrite possess large coercivity. The crystalline anisotropy (H a ) varies directly with the substitution of Nd. It can be generalized that the increase of coercivity is attributed to enhancement in crystalline anisotropy field due to substitution of rare earth (Nd). In other word, the substitution of rare earth (Nd) exerts intrinsic effects on the enhancement of coercive field. The value of coercivity of Nd doped hexaferrite is 525.21 kAm -1 which is due to strong uniaxial anisotropy along the c axis.
As far as the Nd-Mg substituted system is concerned it is observed that there is a decrease in coercivity which is ascribed mainly due to the decrease in crystalline anisotropy field due to substitution of Nd-Mg. The coercivity decrease from 525.21 to 421.76 kAm -1 . This result can be ascribed to the decrease in anisotropy field, due to the change of the axis of magnetization from the c-axis to the basal plane [32] [33] [34] . It is well-known that the contributions of 2b and 4f2 sublattice sites in the cyrstalline anisotropy field in the hexaferrite are more than any other sites, while as the contribution from other sites are negligible.
Further, it is reported [35] that if the value of coercivity is more than M r /2, the materials are hard magnets and these are regarded valuable for high frequency applications. If the coercivity is smaller than M r /2, then the materials are semi hard magnets and are useful for information storage technologies [36] . In the present study, the coercivity is more than M r /2, thus the present material are hard magnets and are useful for high frequency applications.
The value of magnetocrystalline anisotropy constant K 1 decreases with the substitution of Nd and Nd-Mg. Further, the magnetocrystalline values are positive and are smaller than the theoretical value for the bulk M-type hexaferrite [37] .
Dielectric studies (a) Dependence of dielectric behavior on frequency
The dielectric constant in the complex form can be written as:
Where ε′ is the real part and ε″ is imaginary part designating the stored and dissipated energy respectively. The frequency dependence of real part of dielectric constant of SrFe 12 O 19 samples in an ac field ranging from 20 Hz-3MHz is illustrated in Fig. 3 . It is observed that the value of dielectric constant decreases continuously with increase in frequency for all the three compositions. The decrease of dielectric constant (ε′) and dielectric loss (shown in Fig. 4 ) with frequency is a general dielectric behavior of ferrites. This type of behavior has been reported by many investigators [38] [39] [40] [41] and can be explained on the basis of polarization mechanism. There are four primary mechanism of polarization in materials i.e. electronic, ionic, dipolar and space charge polarization. At low frequencies, all the mechanisms of polarization contribute to the dielectric constant and with the increase in frequency, the contributions from different polarizations starts decreasing. For example, at very high frequencies of the order of 10 15 Hz, only electronic polarization contributes to the dielectric constant. The constant behavior in dielectric constant at higher frequencies indicates the inadequacy of electric dipoles to follow the variation in frequencies due to alternating applied electric field or it can be interpreted that the electronic exchange between the ferrous and ferric ions i.e, Fe 2+ ↔ Fe 3+ cannot follow the alternating field. From Fig. 3 O 19 . The possible reason for this behavior can be attributed to the fact that some of iron ions migrate from tetrahedral site to octahedral site due to occupation by Nd and Mg ions. This results in decrease in the resistance of grain there by increasing the probability of electrons reaching the grain boundary which becomes responsible for increase in polarization and hence the dielectric constant. This behavior is in good agreement with impendence spectroscopy data (discussed in section 3.5).
From Fig. 4 19 can be attributed to the fact that sample with Nd and Mg ions might enhance the conductivity between the grains with the result that the dielectric loss is small in these samples compared with other compound. This is also consistent with the increase in dielectric constant and ac conductivity for Sr 0.95 Nd 0.05 Mg 0.05 Fe 12 O 19 compared with other compounds. Dielectric loss is an important part of the total core loss in ferrites [42] . Hence for low core loss, low dielectric losses are desirable. 
AC conductivity
The alternating current conductivity (σ ac ) is calculated using the following relation:
Where ε o = 8.854 ⋅ 10 -12 Fm -1 and f is the frequency (in Hz) of the applied electric field. Fig. 7 shows the variation of ac conductivity with frequency at room temperature. A constant behaviour is observed for ac conductivity at lower frequencies [43] and shows a sharp increase at higher frequencies for all compositions. The ac conductivity provides evidence for conduction mechanism whether the charge hopping is between localized states or not. In the present case, the linearity in the plot indicates small polaron type of conduction and is validated in ionic solids [44] . This frequency dependence conduction attributed to small polarons is also reported in the literature [45] . The hopping frequency of the charge carriers seems to depend on the frequency of the applied field and increases in the mobility of charge carriers. At lower frequencies the hopping frequency of electron between ions at the meta interface is less. As the frequency of applied field is increased, the conduction mechanism becomes more active by promoting the hopping of charge carriers between the ions, thereby increasing the hopping frequency. Thus the increase in conductivity at higher frequencies could be due to a reduction in the space charge polarization at higher frequencies [46] . O 19. This behavior can be explained in the same way as that of frequency dependent dielectric constant as there is a direct relation between dielectric constant and dielectric conductivity.
In any case, doping with Nd and Mg ions has resulted in modifications in the dielectric and electrical properties. The investigation thus reveals the possibility of employing doping in controlling the properties of ferrites for specific technological applications. Fig. 8 shows the variation of ac conductivity (at 10 kHz) with reciprocal of temperature of SrFe 12 
Where k is Boltzmann constant, Ea is the activation energy required for hopping of charges, T is the absolute temperature and σ 0 specific conductivity. It is observed that the variation of lnσ ac against T -1 in the low temperatures range is markedly different from that in the relatively high temperature range. The conductivity is likely to be weakly temperature-dependent in the low temperature range, while it exhibits strong temperature dependence in the high temperature range. This behavior may be attributed to the increase in the drift mobility and hopping frequency of charge carriers with increasing temperature. The charge carriers are considered as localized at the ions or vacant sites and conduction occurs via hopping-type process, which implies a thermally activated electronic mobility.
The calculated values of the activation energy are listed in Table 3 
Impedance Spectroscopy
Impedance measurements were carried to get more information about the mechanism of electrical transport as it is Fig. 9 . Depending upon the electrical properties of a material two semi-circles can be obtained from the impedance plot. The first semicircle represents the resistance of grain boundary at low frequency and the second one represents the the resistance of grain or bulk properties at high frequency [49, 50, 51] . The data from impedance measurements can be given in the form
here Z′ is the real part of impedance that can be related to a pure resistance R, and Z″ is the imaginary part of impedance that can be related to a capacitance C, where Z″ = 1/jωC. The separation of grain and grain boundary effects can be shown with the help of impedance spectroscopy because each of them has different relaxation time, resulting in separate semi-circles in the complex impedance plot.
The observed semicircles can be explained by equations below.
1 1
where R g and C g represent the resistance and capacitance of the grain and R gb and C gb represent the corresponding terms for grain boundary, while ω g and ω gb are the frequency at the peaks of the semicircles for grain and grain boundary respectively. The resistances are calculated from the circular arc intercepts on the Z′axis, while the capacitances are derived from the maximum height of the circular arcs. The maximum height in each semicircle is Z′ = -Z″ therefore by using this condition and using relations above we can calculate the capacitances for grain and grain boundary by using the relations
By using the above two relations the relaxation times for grain and grain boundary were calculated as
Single semicircle is observed for all compositions which suggest a predominance of the contribution from the grain boundary to the conduction. The various electrical parameters calculated are represented in O 19 signifies that the grain boundary assist in the conduction of charge species. Increase in capacitance signifies conductivity increases, which in turn results an increase in the polarizability of the system. These results are in good agreement with the dielectric measurements. 19 and vice versa trend is observed in the value of capacitance of the grain boundary (C gb ) and in the values of relaxation time (τ gb ).
The good magnetic and high dielectric properties of the prepared materials may be useful for high density magnetic recording media and permanent magnets.
